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Abstract: Glycosyltransferases (GTs) comprise a prominent family 
of enzymes that play critical roles in a variety of cellular processes 
including cell signaling, cell development and host-pathogen 
interactions. Glycosyl transfer can proceed with either ‘inversion’ 
or ‘retention’ of the anomeric configuration with respect to the 
reaction substrates and products. The elucidation of the catalytic 
mechanism of retaining GTs remains a major challenge. We report 
the first native ternary complex of a GT, that of the retaining 
glucosyl-3-phosphoglycerate synthase GpgS from Mycobacterium 
tuberculosis, in the presence of the sugar donor UDP-Glc, the 
acceptor substrate phosphoglycerate and the divalent cation 
cofactor, in a productive mode for catalysis. In combination with 
structural, chemical, enzymatic, molecular dynamics and quantum-
mechanics/molecular-mechanics (QM/MM) calculations, we 
unravel its catalytic mechanism, providing a strong experimental 
support for a front-side, substrate assisted SNi-type reaction.  
Glycosyltransferases (GTs) play a central role in nature. GTs 
catalyze the transfer of a sugar moiety from nucleotide-sugar or 
lipid-phospho-sugar donors to a wide range of acceptor substrates, 
including mono-, oligo-, and polysaccharides, lipids, proteins, small 
organic molecules and nucleic acids.[1, 2] As a consequence, GTs 
generate a significant amount of structural diversity in biological 
systems which is particularly apparent not only in the maintenance 
of the structural integrity of the cell but also in the modulation of 
molecular recognition events, including cell signaling, cell-cell 
communication, and cell-pathogen interactions.[3] GTs can be 
classified into either ‘inverting’ or ‘retaining’ enzymes according to 
the anomeric configuration of the reaction substrates and products 
(Figure S1).[1] The reaction mechanism of ‘inverting’ GTs seem to 
follow a single-displacement mechanism with an oxocarbenium ion-
like transition state and an asynchronous SN2 mechanism, analogous 
to that observed for inverting glycosyl hydrolases.[1] In contrast, the 
catalytic mechanism for ‘retaining’ GTs is currently a matter of 
strong debate. By analogy with glycosyl hydrolases, a double 
displacement mechanism via the formation of a covalent glycosyl-
enzyme intermediate was first suggested. Such a mechanism would 
involve an enzymatic nucleophile positioned within the active site 
on the β-face of the donor substrate in close proximity to the 
anomeric reaction center (Figure 1A). Supporting this notion, the 
chemical rescue of the mammalian α-(1→3)-galactosyltransferase 
Glu317Ala mutant by sodium azide has been reported.[4] The 
product of the chemical rescue resulted to be the inverted version of 
the sugar azide, which would be consistent with the first step in a 
double displacement mechanism. More recently, molecular 
dynamics simulations and density functional theory (DFT) Quantum 
Mechanics/Molecular Mechanics (QM/MM) calculations also 
confirmed the formation of a covalent glycosyl-enzyme intermediate 
in the enzyme.[5, 6, 7] Covalent intermediates were also detected for 
the human blood group synthesizing α-(1→3)-N-
acetylgalactosaminyltransferase (GTA) and α-(1→3)-
galactosyltransferase (GTB) mutants by mass spectrometry.[8, 9] 
However, in the absence of a residue near the reaction center that 
could act as a nucleophile to form the glycosyl-enzyme intermediate, 
an alternative mechanism known as the SNi ‘internal return’, also 
called the ‘SNi-like mechanism’, has been suggested (Figure 1A).[1, 
10, 11, 12] The concept of a general internal nucleophilic substitution 
mechanism SNi, which is neither simply SN1 nor SN2, was first 
invoked to explain unusual stereochemical outcomes of simple alkyl 
halides, and then proposed for glycosyl transfer mechanism, in the 
absence of any enzyme, to explain the retention of anomeric 
stereochemistry in the solvolysis of α-glucosyl fluoride by mixtures 
of ethanol and trifluorethanol.[10] In this mechanism leaving group 
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departure and nucleophilic attack occur on the same face of the 
sugar [13], involving either a short-lived oxocarbenium ion 
intermediate (SNi-like)[6, 9, 14, 15, 16] or an oxocarbenium ion transition 
state (SNi).[17] 
 
Figure 1. A. Proposed catalytic mechanisms for enzymatic glycosyl transfer with 
retention of the anomeric configuration: double displacement mechanism (1) and front-
face mechanism (2) B. Overall structure of GpgS in complex with UDP-Glc and PGA.  
 
To further advance on the understanding of the catalytic 
mechanism of retaining glycosyl transfer reactions we investigated 
the glucosyl-3-phosphoglycerate synthase (GpgS) from 
Mycobacterium tuberculosis. GpgS is a retaining 
glucosyltransferase that initiates the biosynthetic pathway of 6-O-
methyl glucose lipopolysaccarides (MGLPs) in mycobacteria, by 
transferring a Glc moiety from UDP-Glc to the 2 position of the 
phosphoglycerate (PGA) to form glucosyl-3-phosphoglycerate 
(Figure 1B and S2). [18, 19] MGLPs are cytoplasmic 
lipopolysaccharides of intermediate size containing up to 20 Glc 
units, many of which are 6-O-methylated. MGLPs can be further 
acylated with additional acetyl, propionyl, isobutyryl, succinyl, and 
octanoyl groups. They have been postulated to regulate fatty acid 
metabolism due to their ability to form stable 1:1 complexes with 
fatty acyl chains. [18, 19] As most of the members of the GT-A 
superfamily of GTs, GpgS uses a divalent cation as an essential 
cofactor for enzymatic activity. Kinetic studies demonstrated that 
the enzyme prefers Mg2+ for maximal activity in vitro. However, 
GpgS was less but still enzymatically active when another group II 
metal ion (Ca2+) and transition metal ions (Mn2+, Co2+, and Fe2+) 
were introduced in the reaction mixture.[18] The strategy to capture a 
native ternary complex GpgS•Mn2+•UDP-Glc•PGA was to carry out 
quick soak experiments of unliganded GpgS with the sugar donor 
UDP-Glc, the acceptor substrate PGA, in the presence of Mn2+ at 
different time points. Thus, we have obtained three snapshots of the 
reaction center at a resolution of 2.3 Å, 2.3 Å and 2.6 Å, providing 
for the first time the atomic coordinates of a native Michaelis 
complex for a GT in the absence of any substrate derivative or 
protein mutant (Figure 2, Table S1; Figure S5, see SI for details). 
 
Figure 2. Three snapshots of the reaction center as visualized in the crystal structures 
of ternary complexes: GpgS•Mn2+•UDP-Glc•PGA-3 (A, 4Y9X), GpgS•Mn2+•UDP-
Glc•PGA-2 (B, pre-Michaelis complex, 4Y6U), and GpgS•Mn2+•UDP-Glc•PGA-1 (C, 
Michaelis complex, 4Y6N). D) Structural comparison of a selected region of the active 
site in the GpgS•Mn2+•UDP-Glc•PGA-1, GpgS•Mn2+•UDP-Glc•PGA-2 and 
GpgS•Mn2+•UDP-Glc•PGA-3 complexes.  
 
GpgS is a homodimer, with each monomer displaying a well 
defined and positively charged tunnel, compatible with the binding 
of phosphate-containing substrates such as UDP-Glc and PGA 
(Figure 1B).[18] This tunnel is shaped in the form of two opposing 
funnels, separated by a flexible loop that seems to modulate 
substrate binding and playing a critical role during the catalytic 
cycle.[18] Both UDP-Glc and PGA substrates and the cofactor are 
clearly visible in the electron density maps, and are located on the 
center of the tunnel where the glucose transfer reaction takes place 
(Figure S4). Importantly, the close inspection of the active site of 
GpgS revealed the lack of a putative nucleophile residue that could 
result in the formation of a glycosyl-enzyme covalent intermediate. 
Therefore, it is expected that the reaction catalyzed by GpgS would 
proceed via a front-side, substrate assisted SNi-type mechanism. 
The first step in such reaction would be the breaking of the 
glucosidic OP – C1’ bond, accounting for most of the activation 
energy, and facilitated by a critical stabilizing interaction of the 
acceptor hydrogen atom O3 of the acceptor PGA with the β-
phosphate of the nucleotide sugar. Interestingly, in the first crystal 
structure (GpgS•Mn2+•UDP-Glc•PGA-3, pdb code 4Y9X), the 
acceptor oxygen atom O3 of PGA places at a wide distance of 3.7 Å 
from the anomeric carbon C1’ of the sugar and at 3.2 Å of the O1B 
atom of the β-phosphate (Figure 2A). In a second crystal structure 
(GpgS•Mn2+•UDP-Glc•PGA-2, pdb code 4Y6U), a pre-Michaelis 
complex shows the anomeric carbon C1’ of the sugar at 3.4 Å from 
the acceptor oxygen atom O3 of PGA. The O1B atom of the β-
phosphate is at 3.0 Å of the O3 atom of PGA (Figure 2B). In the 
Michaelis complex (GpgS•Mn2+•UDP-Glc•PGA-1, pdb code 4Y6N) 
the anomeric carbon C1’ of the sugar approaches now at only 2.6 Å 
from the acceptor oxygen atom O3 of PGA, which in turn hydrogen 
bonds with the O1B atom of the β-phosphate (Figure 2C and 2D).  
Thus, the configuration of the active site in the native Michaelis 
complex of GpgS for the wild type enzyme and with the natural 
substrates provides strong experimental evidence in support of such 
mechanism.  
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Two additional ternary complexes provide significant insight not 
only in the binding mode of the sugar donor and acceptor substrates 
to the active site, but also into the catalytic mechanism of GpgS 
(Table S1; Figure 3 and S6). The first complex was solved with 
UDP-Glc, 3-(phosphonooxy)propanoic acid (PPA), an analogue of 
PGA lacking the glucose-accepting hydroxyl group, and Mn2+ as a 
divalent cation (Figure 3A; GpgS•Mn2+•UDP-Glc•PPA; pdb code 
4Y7F). We confirmed that the enzyme was unable to transfer a Glc 
residue to PPA (see SI for details). The carboxyl group of PPA 
superimposes well with the corresponding moiety of PGA as 
observed in the ternary complex GpgS•Mn2+•UDP-Glc•PGA-1. 
However, C2, C3 and the phosphate moiety adopt a different 
conformation (Figure 2; r.m.s.d. of 0.9 Å). As expected, there is no 
electron density that could indicate the formation of a covalent 
adduct between the GT and the glucose moiety in the 
GpgS•Mn2+•UDP-Glc•PPA complex. The second complex was 
solved with UDP-Glc, glycerol 3-phosphate (G3P), an analogue of 
PGA in which the carboxyl group is replaced by a hydroxyl group, 
and Mn2+ as a divalent cation (Figure 3B, GpgS•Mn2+•UDP-
Glc•G3P; pdb code 4Y7G). The phosphate group of PGA, hydrogen 
bonds with the lateral chains of Arg185 and Asn260, as previously 
visualized in the GpgS•Mn2+•UDP-Glc•PGA-1 and 
GpgS•Mn2+•UDP-Glc•PPA complexes. However, the rest of the 
G3P molecule displays a different structural arrangement (r.m.s.d. of 
2.5 Å). Specifically, the oxygen atom O2 of G3P, equivalent to the 
acceptor oxygen atom O3 of PGA, moves away from the glucose 
moiety making new electrostatic interactions with the guanidinium 
group of Arg256, and the lateral chain of His258. The oxygen atom 
O1 makes hydrogen bond with the side chain OG1 atom of Thr187 
residue (Figure 3B). Altogether the experimental data strongly 
support the carboxyl moiety of PGA playing a key role in the 
generation of a competent reaction center for GpgS.  
 
 
Figure 3. The catalytic site as visualized in the crystal structures of the ternary 
complexes GpgS•Mn2+•UDP-Glc•PPA (A, 4Y7F), and GpgS•Mn2+•UDP-Glc•G3P (B, 
4Y7G). 
 
To further investigate the importance of the carboxyl moiety of 
PGA, we synthesized a PGA derivative in which the carboxyl group 
was replaced by amide (PGD; see details in SI Section). 
Interestingly, PGD, as G3P, could not serve as an acceptor of Glc, 
although it contains the oxygen atom O3 of PGA (see SI section for 
details). In addition, despite much effort, we were unable to 
crystallize GpgS in complex with the PGD derivative, even by 
soaking or co-crystallization experiments. A plausible reason is that 
the carboxyl O2 of PGA makes a strong hydrogen bond with the 
main chain amino group of Thr187 in the GpgS•Mn2+•UDP-
Glc•PGA-1. Thus, the presence of an amide group in PGD might 
lead to an electrostatic repulsion with Thr187, preventing its binding 
to GpgS.  
The experimental native Michaelis complex of GpgS is in good 
agreement with the predicted Michaelis complexes of the 
lipopolysaccharyl-α-1,4-galactosyltransferase C (LgtC)[11, 17], the 
trehalose-6-phosphate synthase (OtsA)[15, 20], and the recently 
obtained for the polypeptide N-acetylgalactosaminyltransferase 2, 
containing the UDP-GalNAc derivative UDP-5SGalNAc and the 
truncated incompetent mEA2 peptide STCPA (GalNAc-T2; Figure 
S7).[16]  The LgtC Michaelis complex was modeled based on a 
crystal structure containing two substrate analogues, UDP 2-deoxy-
2’-F-Gal and 4-deoxylactose. The attacking hydroxyl group of 
lactose has the oxygen atom O4 at a distance of 3.1 Å from the 
anomeric carbon C’ of the donor galactose moiety, and at 2.7 Å 
from the glycosidic oxygen atom. Moreover, the O3 of the acceptor 
lactose is also hydrogen bonded to the β-phosphate of UDP, thus 
stabilizing leaving group departure. [17] The OtsA Michaelis complex 
was constructed based on its complex with UDP and 
validoxylamine-6-phosphate (VA6P), a compound that structurally 
resembles to one of the reaction products, trehalose-6-phosphate. 
The anomeric carbon C of the Glc moiety is at 3.0 Å from the O1’ 
of the Glc-6-phosphate acceptor.[15] In GalNAc-T2, the hydroxyl 
oxygen atom OG1 of the acceptor Thr is at 2.5 Å to the anomeric 
carbon C1’ of the GalNAc moiety, and at 2.7 and 3.6 Å of the two 
β-phosphate oxygen atoms of UDP moiety.[16] In addition, the 
backbone amide of the acceptor Thr is also hydrogen bonded with 
the β-phosphate.[21] Similarly, the acceptor oxygen atom O3 of the 
acceptor PGA places at 2.6 Å to the anomeric carbon C1’ of the Glc 
residue in GpgS, and at 2.4 and 3.0 Å of the corresponding β-
phosphate oxygen atoms of the UDP moiety. No other interactions 
are observed between donor and acceptor substrates in GpgS. 
Extensive theoretical studies using QM/MM calculation simulations 
supported the occurrence of the SNi ‘internal return’ mechanism in 
OtsA, LgtC and GalNAc-T2.[15, 16, 17, 21]  
 We have employed molecular dynamics simulations combined 
with QM(DFT)/MM calculations to further understand the reaction 
mechanism followed by GpgS (see SI Section for details; Figure 4 
and S9). The sugar transfer was modeled using the reaction 
coordinate RC=[d(OP–C1’) - d(O3PGA–C1’) - d(HO3PGA–OP)] to 
drive the system from reactants to products, at a QM(DFT)/MM 
level of theory that we have successfully applied in other retaining 
GTs.[6, 17, 21] Two transition states (TS1 and TS2) and a short-lived 
ion pair intermediate (IP) connecting them were found (Figure 4 and 
Table S2), so that an asynchronous mechanism is obtained. As 
depicted in Figure 4, the reaction starts with the OP – HO3PGA 
hydrogen bond getting shorter (by ~ 0.4 Å, RC = -3.6 Å). This 
interaction between donor and acceptor substrates is recurrent in all 
‘retaining’ GTs studied to date, and seems to be essential in 
facilitating nucleotide-sugar bond breakage (substrate-assisted 
catalysis). Then, the TS1 is reached, in which the OP – C1’ distance 
increases up to 2.68 Å, the HO3PGA is at 1.65 Å from the OP, and the 
O3PGA – C1’ distance shortens to 2.62 Å. The breakage of the UDP-
Glc bond results in a positive charge increase of Δq(C1’+H1’+O5’) 
= 0.36 a.u. at the anomeric centre (Table S2). Importantly, the ring 
conformation changes from a 4C1 chair in the reactants to a 4E half 
chair in TS1, with the C1’– O5’ distance getting a double-bond 
character (Table S2). The energy cost to reach TS1 is of 21.4 
kcal/mol. After TS1, the energy along the reaction coordinate 
decreases by ~ 2 kcal/mol and a short-lived oxocarbenium 
intermediate is formed (sugar ring conformation between 4E and 
4H5). In this IP, the glucosidic bond is definitely broken (the OP – C1’ 
distance is now of 3.20 Å), whereas the HO3PGA – O3PGA and the 
C1’– O5’ distances remain practically invariant with respect to TS1. 
The attacking O3PGA atom gets 0.3 Å closer of C1’. The energy of 
the optimized IP is 0.6 kcal/mol lower than that of TS1. From the IP, 
the acceptor attack takes place through TS2, where the C1’–O3PGA 
and HO3PGA – OP distances are of 2.26  Å and 1.56 Å, respectively. 
TS2 lays 21.8 kcal/mol above the Michaelis complex, and 0.5 
kcal/mol above the IP. Thus, most of the overall energy barrier for 
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the transfer reaction to take place is due to glucosidic OP – C1’ bond 
dissociation. These energies indicate that the IP could be a very 
short-lived species with no time to thermally equilibrate. The 
calculated rate-limiting energy barrier (21.9 kcal/mol) is in 
reasonable agreement with the experimentally derived 
phenomenological free energy of activation of 17.5 kcal/mol, 
derived from a kcat value of 800 min-1 (see SI for details), supporting 
that GpgS follows a front-side attack mechanism.  
 
Intriguingly, the active site of a few GTs displays a carboxylate 
residue allowing the enzyme to follow a double-displacement 
reaction,[6,7,9] whereas most of retaining GTs, in the absence of such 
nucleophile, seems to follow a front-side mechanism. We propose 
that both mechanisms might represent a different manner to stabilize 
the oxocarbenium-ion-like species that forms upon cleavage of the 
donor sugar-phosphate bond.  In GpgS, the electrostatic potential at 
the reaction center can stabilize the oxocarbenium-ion like 
intermediate for a very short period of time, allowing the active site 
to reorganize and the oxocarbenium-ion species and the acceptor to 
move one towards the other. By contrast, in the α-1,3-
galactosyltransferase GTB (blood group galactosyltransferase)[22] or 
the N-acetyllactosaminide α-1,3-galactosyl transferase α3GalT[23], 
the oxocarbenium-ion-like transition state is stabilized by the 
formation of a covalent bond with the nucleophile residue present in 
these enzymes. Thus, both modes of operation could be considered 
as variations of a common mechanism, a two steps reaction via 
oxocarbenium-ion-like-transition states that flank an intermediate, 
either an oxocarbenium ion or a covalent glycosyl-enzyme 
depending of the active site configuration.   
 
 
Figure 4. A. The atomic rearrangement along the reaction pathway in GpgS: reactants 
(R), structure at RC = -3.6 Å, transition state 1 (TS1), ion-pair intermediate (IP), 
transition state 2 (TS2) and products. B. Structural and energetics of the reaction 
coordinate.  
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A native ternary complex of a 
glycosyltransferase, that of the 
retaining glucosyl-3-
phosphoglycerate synthase GpgS 
in a productive mode for catalysis, 
was obtained for the first time. In 
combination with structural, 
chemical, enzymatic, molecular 
dynamics and quantum-
mechanics/molecular-mechanics 
(QM/MM) calculations, we unravel 
its catalytic mechanism, providing 
strong experimental support for a 
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